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SUMMARYOF

ON TBE

AVAIIA131JlDATA-TING TO REYNOLDSNUMBEREFFECTS

MAXIMUMLIZ”I’COEFFICIENTSOF SWEPT-BACKWINOS

By HaroldH. EWberg and Roy H. Lange

SUMMARY

The availableforeignan~jbwmt~ da% relatingto Reynolds
numbereffectson the maxinuunU.ft cc#fficientsof swept-backwings
are summarizedand discussed.

The data show thata~ iow Reynoldsnumbers(“belowabout
2.0 x 106) higherwimum J.iftcoefficientswere masured in most
casesfor moderatelyswept-backwings thanfor unsweptwings of
similarplan form;at high Reynolds?mnbers,however,increasing
aweepbackresuitedin decreasingmaximumlift coefficientm. A
smallerrate of increaseof the maximumlift coefficientwith
Reynoldsnumberwas measuredfor the swept-backwings thanfor
similarunsweptwings in the criticalraqp of Reyzloldsnumber.
IncreasingtheReynoldsnumberreBulted in decreasesin the maximum
lift coefficientsof the twowings of approximatelytriangular
plan fom thatwere investigate.

INTRODUCTION

It is commonlyaoueptedthat,in the rangeof Reynoldsnumber
oorrespondingto the landlngand take-offspeedsof most aircraft,
the maximumlift,the stallprogression,antithe low-speedstability
and aontrolcharacteristicsof highlyswept-backwingsare inferior
to otherwisesimilar unsweptwings. The.recentt-d ~wa~s the we
of highlyswep+back wings for high-speedairc~ft hqs emphasized
the inherentlypoor low-speed.characterst%os of thesewings. At
the presenttime,however,therewe littlesystematicexperimental
test data existentrelativeto the detailoharaoteristicsof swep%
back wingswhen operatingin the hig&lift region. Furthenuore,most
of the eqerimental d~ta availablehave been obtainedat very low
valuesof Reynoldsnumbers. The maximumlift coefficient,in
particular,is dependentto EZgreatextenton the behaviorof the
boundarylayerover the wing surface,which in turn is dependent
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on the valueof theReynoldsnumber[reference1). For the SWSPt
wing,prematuretip-stallingtendem~es EIELYi~l~n~ the VELIUSof
the usablemaximumMf’t coefficientwhen considerationis givento
flyingqualitiesin the regionof meximumlift. ,.

.-

In orderto assistthe tiaignerIn evaluatingtheresultsof
testsmade at lowReynoldsnumbersuntilsufficientdata at high

—

Reynoldsnumbersbecom availa?d.e,a surveyhas been made of the
availableforeiga and Americandata relattigto Reynoldsnumber
effectson themaximumlift coeffioienteof swept-backwings. The
data,whichrepresentthe accumulationof resultsfrom a large “
numberof wind tunnels,are presentedin the presentpaper,alon~
with SOM analysis. Becauseof the lack of systimatiotistdata,
this,surveyis i~tendedmainlyto show trendscharacteristicof the
“yexticulsrwingplan formsdiscussedin the present&xt and figures.
In caseswhere similarwing plan fo-rmswere testedin clifferentwind
tunnels,it is possiblethat ama>ldiffere~cesin the sectioncontours
of the wing exis.~d.because..ofdifferentmanufacturingtolerances
whichmay have influencedthemaximumliftvaluesof.these wings.

COEFFICIENTSMD SYMBOLS

C%nax
A

‘eff

v

P,

maximumMft coefficient ...

angleof sw6epbackof wing leadir?edge,degrees

effective Reynoldsnumber
)

‘~x~
( M

free-streamvelocity

mass densityof air

IJ“’ coefficientof viecosityof air .

t&ulence factorof wind tunnel as determinedfrbm
spheretests

wing chordmeaduredparallel

man @301@tricchord.(S/b)

wingtip chord .“,

wing r&t chord - .

to plane@ Eymnietry

‘

,
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8fz landing-flapdetle&$on @boutbin@ axis,degrees

6.%. . ai~.~n ~flecttoq abouthingeaxis.,degrees;siihcrlpt.... . . . R W ‘L&note ri~t and leftailerop, “&eQe@iveJy
. . . .,,.. ., .,. .

----- ~..:, . . . .-,.- . .,
,, ~A~()~@ fi”~,:”” “’”:..,,,‘ ,“;

;.. ...-* <. .-...’ . . . . .. -.
.’.... . ., . {.

; CM&es showingthe ~iati6ns of muimum lift “cbeff icikdi with
effective.Reynoldsnvzuberfor,sev~q sweptwings of ~ious taper
ratiosand aspeotratios’h“ given‘infigures1 ~, 3~.,,~ta for
simil~ unsweptwingsare”included”on”the f-s. wherever,~esible
for purposesof ,cdmpari%on.Th9effectsof chkn&e8qf,wing-tip
tki,cknessand of wixigcainberon the variationof mxlmum lift
.coefficieptwith Ik@noldenumberfor one swept-backwing is given
in figure4. The resdts.of separateinvestz~tion”s,to determine
thd effectsof sweeplackon msximmalfft,eachmade at a constant
vah.eof Reynoldsnumber,are”givenin fj.gure ~. Theseresults
includet.-%tsmade at low,mxiera%, and hi@ Remolds numbers. In
a few instances,&ti ~re ava~~b~e t.o sh~ tie effects of ~~ioW
landing aids and of wtig-fuselageinterferenceon the variationsof
maximumlift coaffZoientwith Reynoldsnumber;theseresuitsare
shownin figures6 and 7’,reqective~y. For convenience,the plan
form of themodel tested,themost importantgeometricparameters,
and the sourceof the data &e givenon each fi~. The airfoil
sectionsnoted in the figuresare all MACA profiles,takenpwall.el
to the planeof symnstryof the wjng exceptwhere noted. All the
datawere obtainedat Mach numbersbelowabout0.25. In the’few
cases in which datawere obtainedat Piichnmbers aboveO.2 (data
for wings 3, k, 5,6, and 12 at highReynoldsnumbers),it is Tossible
that the valuesof the maximumlift ccefficientswere influenceiiby
Mach numbereffects. These effectswill probablybe most pronounced.
for the wingswhich employairfoilsectionsthatexhibithigh 2eadi~-
er%gepressures. ~:< ..,.-
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Xn orderto provide a Imsis for comparison, effectiveReynolds
numbersbased on a turbulencefactorfor each tunnelhave teen
used for all the tests’.The turbulencefactoris defined,accorting
to reference14, as the natioof the criticalReynoldsnumberof a
spherein a nonturbulentair streamto the criticalReynoldsnuniber
b a wind tunnel. The turbulencefactorfor eachwind tunnelfrcan
which data for the presentpaperhave been obtainedis givenin
tablo1. me turbulencefactorof onewind tunnelwas not known
and, in thisinstance,the effectj.veReynoldsnuniberwas assumed
equalto the testReynoldsnmiber(fig.2; wings7, 8, and 9).

DL%XJSSIdN

Effectsof Reynoldsnumberon C% .-The data of figure1

illustratethe importanceof Reynoldsnumberon the attainable
maximumlift coefficientsfor similarsweptand
the wings shownin figure1 it appearsthat the
coefficientswillbe hi@er for the sweptwin

Twingsat Reynoldsnumbersbelowabout2,0 x 10
at higherReynoldsnumbere. The datafor wings
showm oppositeeffectat low Reynoldsnumbers
meximumlift coefficientswere measuredfor the
for the sweptwing at Reynoldsnumbersof about

unsweptwings. For
maximumlift
thanfor the unswept
em! will be lower
10 and 11 (fig.2)
inasmuchas higher
unswept ing than

z
.

1.0 X 10 . The data
for wings 7, 8, and 9 show hj.@er mXinRIJRlift coefficientsfor the
sweptwings thanfor the unsweptwing withinthe r.ye of Reynolds -
numberinvestigated(be@en 1.1 x 106 and 4.2 x 10 ). The swept

—

w~gs illustratedin figure1 showa smalldecreasein C-
with increasesin Reynoldsnumberabove4.0 x 106: In the caseof
wing 3, the ticreasesin Ck with tireases in Reynoldsnumber

.
above4.0 x 106 may be associatedwith Mach numbereffects(Mach
numbqrsaboveabout0.2).

.In each case in whichdata for comparablesweptand unswept
wingswere,available(figs.land 2) a smallerrate of increaseof
themaximumlift coefficientwithReynoldsnuuiberwas measuredfor
the sweptwings thanfor the unsweptwings in the criticalrangeof
Reynoldsnumber.“Forwing 12, an increaseh % of onlyabout
0.10was measuredfor an increasein Reynoldsnumberfrom 1.7 to
9.3 x 106. Sectiondata showeda eimilsmlyemQ1.changeIn C~x

withReynoldqnumberfor the NACA 641-u airfoil’which is used on
Wing’l&!.The differencesin the variationsof maximumlift
coefficientwith Reynoldsnumberfor wings of approximatelysimilar
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plan form are attributedto differencesin the airfoilsec$ion
employed,to differencesm surfaceconditions,and b differences
In wing-tipshapes. The’importanteffectsof.airfoikthicknessand
afifoilc~~er on the ~at~e of the ~~iatic~ of ~~~ ltft
coefficientswith Reynoldsnumber are discusseil in detail in
reference1. More rapid,changesin & wiWRewoLisnumkr,in

the oriticalrange of Reynoldsnumber,are shownin reference1 for
thin symmetricalairfoilsectionsthanfor airfoilsectionsof
moderatecamberand thic~ss. The effectof ticreasingthe
wing-ti~thicknessand changingthe camberof w@ ~on tine,vswiatia
of’ c~”with Reynoldenumberfor thiswing is shown.tifigure4.

Inpr.ea8ingthe.wing-tip”$hic~ssfrom 0.15c“toO.l& ca@ed”~a
,.

.+edyctionin O& bu$ h% no appreciableeffecton tie:vaitaiion
of c~z withReynoldsnumberexceptat thehighestReyibii,i :

npbqrs tested. A less pronounced increasein C- withReynolds
numberwas rceas~d for,thqcamberedwing t~” for,me twowings
with s- tricalsections, The cam3ere&wing sebtionzwhich is
desctiibedmore fully in referencd8, is considered.t6 give”approxi-
mately me samecharacteristicsas an NACA 65;3-618ainfoilsection
with a 0.2Qcflhp detlected-1OO. .-.“ .-

.,.:.” ,.!. . . .-..,
The variationsof C~ withReyno~s ntiEe2‘fW two.wings of

aPPWX-te~. tr@ngUgr plan form are given@ ~igure3. In both
c~ses,decr”e&s6e‘inik$ziimiuilift coefficient-with Reyiiold6number
were measured..

---- .,
.......’ ,- . .

Effekt.,ot%eepkack on ~. - The “Wsults.ofsyW.ematictists,

made at low Reynoldsnumbprq (beloy1.0.x106),& four serie6of
wings of increasingsweepbackare givenIfifigure5(a) . The data
includetestsof both taperedand rectjanx wings. .Increaeesin
~he)maxjmumlift coefficient,withj.ncreasinganqleof syeepback
(Up to..@oUt W“) were zmasuredfor the taperedwi.rigsat’the~ “1OW
Reynolds’n~ers, For the rectanguhr’win@, ‘increasesin the.
msximumlift coefficientsabove“thosemeasuredfor the unsweptwings
were obtainedwith increasingangle of sweepb~k up to 350 for wing
series20-23 anii up to45° for wtng series28-31: peak valuesof
themsximumlift coefficientwere uasured at sweeptackanglesof
10° and 30°,.respe@ive~, j?orwin~series20-23and 28-31. These
resultsappearto suhsta.ntiab,theresults’ahowqin figure1 in which
It uy be d~erithat,a%”,’~iy10M valuesof ‘th&-Reynoldsna%e”r,
highervalueqof:then@xti@nlift,~oef.ficientwere obkined for
the taperedsweptWings tharifor the simiw, taperedunsweptwings.

,, .. .. . .. .

Sl!!
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liftcoe~fiaientsof taneredwingsof increasingsweepbackare given
in figure5(b). In W; rangeOF Reymoldsnumber,sfillincreases
in the angleof sweep’baak(belowabout200) gave considerably

‘gerimreasesin %x than thosemeasuredfor the approximately

similartaperedwingsat ve~ low Reynoldsnumbers (wingseries
15-19 of fig. 5(a))* Thiscaparipon is made for wings employing
differentairfoilsectionsand thereforemay not be conclusive.
Furtherincreasesin the angleof sweepbackabove200,at moderate
Reynoldsnumbere~resultedin appreciablereductionsin the maximum
lift coefficientsattainable(fig.5(b)), TM.s resultis the oPPosite
of that obtainedfor the”taperedtingeat ver$ low Reynoldsnumbers
(fig-5(a))whereapprmiable inoreasesinmaximum liftcoefficient
were obtainedat high anglesof sweeplxmk.

The resultsof teststo determinethe effectsof sweepbaokon
a-t a highvalueof the Reynoldsmmber(8.2 x 106) is givenCbx’ .

in f}gure5(c). At thishigh Reynoldsnumber,i.noreasingsweepback
oausedlargereductionsin the attainablemaximumliftcoefficient

.

evenfor small.anglesof sweepb~ck, It shouldbe rememberedthat
at moderateand Low Reynoldsnumberssmallincreasesin sweepbaok
resultedin inoreasesin C%,

E~CtS of VL3ri0.u~ ~U.aadE~- Testsweremade of two swept--
baokwi~~&Yh 12) to detezminethe effeotsof Reynolds
numiberon C* with mMl withoutdifferentlandingaids attaohed.to
the wings (fig.6), ?Jheadditionof a 20-percen+ohord5Chpemen&
span splitflap (&f = 60°)to wing 12 had littleeffeoton the rate
of changeof C* with Re~olds nu@berfor Reynolds numbersbetween

4,25 X 106 and 7.90 X 106c At lowerReynoldsP~b~~ (between
1.7 x 106 an& 4.25x lo~),however,a more rapidincrease$D C~

with Reynoldsnu?iberwasmeasuredfor the flappedting thanwas
measuredZor the unflappedwing.

The additionof leading-edgetip slatsto wing 3, as shownin
figure6, had no appreciableeffeoton the rate of ohaz@eof C~
with Reynoldsnumber, For wings 3 and 12 smallinareasesin C~x

weremeasuredwith increasingReynoldsnumberfrom2.0 to about
&.5 x 106;a furtherincreasein Reynol~ numberto 5.3 x 106 oaused.
a decreaqein C- in both cases. With ‘Wrtfal+Wn ‘P1it‘lap@

and ailerons deflectedand with the slatsextendedno ohan~ein

.

,
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C%axwae measuredwith increasingReynoldsnumberfrom 2.0 x 106 to

about4.5 x 106 for wing 3; increasingthe Reynoldsnumberto
5,3 x 106 causeda emalldecreasein C~. The decreasein

CL’ due to an increasein Reynoldsnumberfrom 4.5 x 106 to

5.3 X 106 for wing 3maybe associatedwith the Mach numbereffects
previouslymentioned.

Effectsof fuselaRe$-The variationsof Clmax with ReYnOlti
numberfor wings 3 and 12 with and withoutfuselagesare givenin
figure~. For wing 12, no appreciableeffecton CL= was

measuredat Reynoldsnumbersof 2.95x 106 and 7.95 x 106 as a result
of the adMtion of a fus.d.ageto the wW& The additionof a
fuselageto wing 3 causedsmallreductionin C

*
at Reynolds

numbersof 2.o x 106, 2.65x 106$and 4.65x 10 but had no effect
on C~x at Reynoldsnumbersof 3.3 X 106 and 4.0 x 106.

SUMMARYOF RESULTS

An analysisof availableforeignand Americandata relating%0
Reynoldsnumbereffectson the maximumliftcoed’ficientwof
swept-lackwings showedthe followingresults:

1. At low Reynoldsnumbers{belowabout2.0 x 106)higher
maximumliftcoefficientswere measuredin meet casesfor moderately
swept-backwings than for unsweptwings of similarplan fozm;at
high Reynoldsnur?bers,however,increasingsweepbackresultedin
decreasingmax~zn liftcoefficients.

2, A smallerrate of iticrea~eof the maximumliftcoefficient
with Reynoldsnumberwas measuredfor the swept-backswingsthan for
similarunsweptwings in the criticalrangeof Reynoldsnumber.

3. Decreasesin the maximumliftcoefficientwith increasing
Reynoldsmunberweremeasured for two wings of approximately
triangularplan form.

1~,me additionof fuse~ges to two swepwback wings had
littleeffecton the variationsof maximumliftcoefficientwith
Reynoldsnumberfor thesewings. Similarresultswere obtained
when variouslandingaids such as splitflapswere installedon

.
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the same two swept-backwi~s ad when leading-edge tip slats
werq irmtalledon one of the two swept-baokWIWS,

Langleyi%morialAeronauticalLaborat&y
NationalAdvisoryCommitteefor Aezwnautics

LangleyField,Va,
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TABLE1.- !HJRBUIZNCEFACTORSFOR

WmD TUNNEIS

f ——
Wind tunnel

T. IL Hmnover 1.5

IX/Z5 by 7 meter

ChalaisMeudon 8 by

meter

16 meter

UnitedAiro~ft Corporation18-fOot

IM!ALlg--footPreesm

R&E High Speed.

DVZ 2.15by 3 meter

IMAL FullScale

‘-scale model fullscale- 15

AVA 1.25meter

BraunBchweig1.2meter

LMALVDT

11

Turbulenoe faotor !
. ... —-. I

1,17

1.04

1.43

1.00

1.00

1.00 (assumed)

1.03

1.10

1.20

1.37

1.19

2.643

NATIONALADVISORY
cowtm FOR AFRONAWCS

.
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